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Chronic lung disease may develop in patients receiving long term and intensive respiratory support (1) . Barotrauma, volutrauma, oxygen toxicity and pulmonary infections are crucial factors perpetuating lung injury. Several mediators of inflammation have been identified in the complex inflammatory network. Among others, IL-1␤, IL-8 and TGF-␤ were found to be elevated in bronchoalveolar lavage fluid of infants developing bronchopulmonary dysplasia (1, 2) . Adhesion molecules such as intercellular adhesion molecule (ICAM)-1, E-and P-selectin are important for leukocyte attraction and penetration into inflamed tissue (3, 4) . To improve respiratory support and to diminish the risk of chronic lung disease, high frequency oscillatory ventilation (HFOV) has been developed as rescue and lung protective ventilation strategy. Chronic lung disease could be reduced in preterm infants using HFOV in combination with surfactant and a defined strategy to improve alveolar recruitment (5, 6, 7). However, no final consensus on improvement of clinical outcome has been achieved (8, 9) . Animal studies on reduction of pulmonary inflammatory response by HFOV are limited and their designs different. In surfactantdepleted rabbits, 6-keto-prostaglandin F1 alpha, thromboxane B2, platelet-activating factor, and the numbers of polymorphonuclear leukocytes in bronchoalveolar lavage fluid were reduced after four hours of HFOV (10) . In surfactant depleted rabbits, a four hours HFO-ventilation period reduced protein concentration, elastase activity, and TNF-␣ concentration in tracheal fluid and myeloperoxidase activity in lung homogenates (11, 12) . In these studies however, mean airway pressure was different between the groups. In another study in surfactant depleted rabbits, using identical mean airway pressure with HFOV and CMV, treatment started at PaO 2 levels Ͼ350 mm Hg (13), suggesting less severe lung injury. In this study, the number of neutrophils in lung lavage fluid and neutrophil accumulation was lower after four hours of HFOV compared with conventional ventilation. Additionally, TNF mRNA expression in lung lavage fluid was reduced after 1 h of HFOV (13) . Another study comparing HFOV with CMV used identical mean airway pressure in the groups, but a PEEP of 0 cm H 2 O in the CMV group. This results in a traumatic ventilation mode in the CMV group. Less granulocyte infiltration and lower 2-integrin expression on granulocytes and macrophages was shown in the HFOV group (14) . HFOV for 1-2 mo in immature baboons (15) improved pulmonary mechanics during the first four weeks. IL-8 concentrations in tracheal aspirates were lower from days 6 -10. To further assess the influence of HFOV on gas exchange and lung injury, we compared HFOV to conventional ventilation in a neonatal, surfactant depleted piglet model with severe ARDS, using identical mean airway pressure in both groups and moderately high PEEP in the CMV group to avoid less effective or extremely traumatic CMV ventilation settings. For evaluation of pulmonary inflammatory response (16), we assessed gene expression of IL-1␤, IL-6, IL-8, IL-10, Endothelin-1, TGF-␤1, E-selectin, P-selectin and ICAM-1 in lung tissue of piglets receiving either HFOV or IMV. These cytokines have previously been shown to be regulated in this model of lung injury after 8 h of ventilation (4, 16) . To further elucidate the mechanism and to define the relative contribution of specific pulmonary cells to the inflammatory response, we determined mRNA expression of IL-8 in alveolar macrophages, bronchiolar epithelial cells, bronchiolar and vascular smooth muscle cells and cells of the alveolar septum. Microdissection techniques were used allowing for a cell-type specific mRNA analysis within complex tissues (17, 18, 19) .
MATERIAL AND METHODS
The study was approved by the Animal Care Committee of the university and the government of Mittelfranken, Germany, and performed according to the guidelines of the National Institutes of Health. Ten piglets (body weight 3.5-4.3 kg) were included. For evaluation, one HFOV piglet was excluded due to preexisting infection. One control piglet was excluded for mRNA evaluation, due to degraded mRNA.
Treatment Groups
Anesthesia and operative preparation were performed as described previously (16, 20, 21) . Briefly, animals were tracheotomized and intubated (4.0 mm endotracheal tube, Mallinckrodt, Hennef, Germany). A catheter (20 G, Arrow®, Erding, Germany) was introduced into the left femoral artery to measure arterial pressure and arterial oxygen tension (ABL 330, Radiometer, Copenhagen, Denmark). For registration of pulmonary arterial pressure, a catheter (4F, Arrow®, Erding, Germany) was inserted via a jugular sheath (4.5 F, check-flo performer® introducer set, Cook®, Mönchengladbach, Germany) into the pulmonary artery. IMV was performed with a time cycled pressure controlled neonatal respirator (Infant Star 950, Mallinckrodt®, Hennef, Germany) starting with a peak inspiratory pressure of 20 cm H 2 O, a positive end expiratory pressure of 4 cm H 2 O, an inspiratory fractional oxygen concentration (FiO 2 ) of 1.0 and a frequency of 40 breaths/min, augmented to 50 breaths/min before lavage, using an I:E ratio of 1:1.4. Respiratory gas was warmed and humidified. Lung injury was induced by saline lung lavage (22) and considered successful when paO 2 remained below 80 mm Hg for 60 min. During lavage, peak inspiratory pressure and positive end expiratory pressure were increased to 32 and 8 cm H 2 O, respectively.
After establishment of lung injury, animals were randomized to two therapy groups. In the IMV group, respiratory support was continued with identical respiratory settings. After establishment of lung injury, animals of the HFOV group were switched to HFOV (Sensormedics 3100A, VIASYS, Yorba Linda, U.S.A.), applying an identical mean airway pressure as in the IMV group (continuous distension pressure ϭ 17.8 cm H 2 O), an amplitude of 35 cm H 2 O, an oscillatory frequency of 10 Hz, a fractional inspiratory time of 33% and an FiO 2 of 1.0. After 8 h of ventilation, animals were killed. Eight samples of corresponding parts of the lung were chosen for mRNA analysis. After instillation of tissue-freezing medium (Leica®, Nussloch, Germany) two samples of the inferior lobe were asserved for microdissection analysis.
Cytokine Gene Expression in Lung Tissue Homogenates
In nonmicrodissected lung tissue, RNA extraction, reverse transcription and TaqMan real time PCR (23) were performed as described previously (4, 16, 21) . Gene expression was related to the housekeeping genes ␤-actin (A) and hypoxanthine-guanine-phosphoribosyl-transferase (HPRT). Primers and TaqMan probes were specifically designed for the porcine model and are listed in Table 1 .
Cytokine Gene Expression in Microdissected Cells
Cryostat sectioning and staining. 10 m sections of tissuefreezing medium embedded lung tissue samples were prepared in a cryotome (Leica®) mounted on glass slides (0.17 mm thickness) and immersed in 70%, 90% and 100% ethanol. Staining was performed for 60 s in hemalaun.
Laser-assisted microdissection. Cell picking was performed as described in detail recently (18, 19, 24) . The UV-laser microbeam (P.A.L.M.®, Bernried, Germany) used for microdissection consists of a nitrogen laser of high-beam precision (wavelength 337 nm), which is coupled to an inverted microscope (Axiovert 135, Zeiss®, Jena, Germany) via the epifluorescence illumination path. Microscope stage and micromanip-340 VON DER HARDT ET AL.
Table 1. Primers and TaqMan probes used for TaqMan real time PCR
Hypoxanthine-guanine-phosphoribosyl-transferase (lung tissue)
Forward: 5Ј-CGGCTCCGTTATGGCG -3Ј; Reverse:
5Ј-GGTCATAACCTGGTTCGTCATCA -3Ј TaqMan ulator are digitally controlled and moved by computer mouse. Alveolar macrophages, bronchiolar epithelial cells, endothelial cells, smooth muscle cells of bronchi and blood vessels as well as alveolar septum were identified by light microscopy. Adjacent tissue was removed by UV-laser-photolysis under visual control. A sterile needle linked to the micromanipulator served for picking the cell(s) via adhesive forces with direct transfer into a reaction tube (Fig. 1) . Needles with the adherent cell(s) were transferred into a reaction tube containing 10 L of first strand buffer (FSB) Relative mRNA Quantitation by TaqMan real time PCR. Efficiency and reliability of this method after laser assisted cell picking (19) have been shown earlier (18) . After cDNA synthesis, each sample was devided for analysis of IL-8 as target gene and HPRT as housekeeping gene into two aliquots of 8 L. The TaqMan Universal Master Mix (Perkin-Elmer®) was used according to the manufacturer's protocol. 8 L of cDNA (reverse transcription mixture) and oligonucleotides with a final concentration of 900 nM of primers and 200 nM of hybridization probe were added to 50 L reaction mix. Primers and probes were purchased from Eurogentec® (Seraing, Belgium). The thermocycler parameters were 50°C for 2 min and 95°C for 6 min, followed by 55 cycles of 95°C for 20 s and 60°C and 73°C for 30 s each. Primers and TaqMan probes used are listed in Table 1 .
For relative quantitation, comparative C T method normalizes the number of target gene copies to HPRT as endogenous reference. For evaluation of target gene mRNA expression in relation to housekeeping gene mRNA expression, the difference of C T values between housekeeping gene and target gene was calculated, potentiated to the base 2 and compared between the different treatment groups (19) .
Only samples with detection of both, target gene and housekeeping gene, were included in the analysis. Microdissection procedure was repeated until housekeeping gene and target gene mRNA were both detectable in the identical sample.
Data analysis. Data analysis was performed with Microsoft EXCEL® and Graph Pad PRISM®. Values are expressed as mean Ϯ SEM. Depending on the presence of Gaussian distribution, either the t test or Mann-Whitney test was used for comparison of the groups. A p-value of less than 0.05 was Fig. 2A-C) .
RESULTS

Gas Exchange and pH
Hemodynamic Parameters
Mean pulmonary arterial pressure (MPAP) was lower with HFOV. Endpoint MPAP was 21.7 Ϯ 2.3 mm Hg in the HFOV and 34.0 Ϯ 2.5 mm Hg in the control group, p Ͻ 0.01 (Fig. 2d) .
Mean systemic arterial pressure (MAP) was not different between both groups (at the end of treatment: 61.0 Ϯ 3.6 mm Hg in the HFOV and 58.0 Ϯ 4.5 mm Hg in the control group).
Cytokine Gene Expression
Normalized to both housekeeping genes, mRNA expression of IL-1␤, IL-8, IL-10, P-selectin and ICAM-1 was reduced in the HFOV group. mRNA expression of IL-6, E-selectin, Endothelin-1 and TGF-␤1 was reduced in the HFOV group only when normalized to HPRT (Table 2 and Fig. 3 ).
Laser-Assisted Microdissection
HPRT mRNA expression. HPRT mRNA was detectable in 64% of alveolar macrophage specimens, in 100% of bronchiolar epithelial cell, in 81% of alveolar septum, in 100% of bronchiolar and 94% of vascular smooth muscle cell specimens.
IL-8 mRNA expression:. IL-8 mRNA was detectable in 78% of alveolar macrophage specimens, in 92% of bronchiolar epithelial cell, 69% of alveolar septum, 88% of bronchiolar smooth muscle cell and 77% of vascular smooth muscle cell specimens.
With HFOV, IL-8 gene expression was highly reduced in alveolar macrophages: 10 Ϯ 3. 
DISCUSSION
The continuous and significant improvement of oxygenation with HFOV in this model of severe ARDS demonstrates the effectiveness of HFOV, even though neither surfactant nor a lung recruitment strategy was applied. In contrast, no improvement in oxygenation was seen with IMV. It becomes more and more accepted from clinical and experimental work that the difference does probably not depend on the mode of ventilation (HFOV or conventional ventilation) but on the strategy (open lung concept) used (25) . Therefore, in the present study a high volume strategy with additional recruitment maneuvers was not used in the HFOV group to ensure comparability between the groups. Besides, mean airway pressure was kept identical in both groups. As the intrapulmonary pressure tends to be lower than the continuous distension pressure set with the HFOV respirator (26), effective mean airway pressure was equal or lower in the HFOV than in the IMV group. This continuous distension pressure was sufficient to oxygenate more effectively than IMV performed with moderately high PEEP. As conventional ventilation with high tidal volume and low PEEP is known to promote lung injury, a PEEP of 8 cmH 2 O was chosen in this model to avoid comparison of HFOV with a known to be harmful respiratory strategy (12, 27) . These ventilator settings may be the reason, why physiologic differences between the groups became not obvious before about 4 h of ventilation. No adverse effect of HFOV on systemic blood pressure could be seen. In contrast, mean pulmonary arterial pressure fell. This could be at least partially explained by the opening of atelectatic lung areas with consecutive reperfusion, improvement in oxygenation and pulmonary vasodilation. With HFOV, the principle of ventilating an open lung with minimal tidal volumes to avoid shear stress can most easily be applied as end-expiratory alveolar collapse is definitely avoided. In our model, despite the lack of a recruitment procedure according to the "open lung concept" HFOV minimized lung injury. The response to HFOV in terms of oxygenation became evident after some hours of ventilation.
This may be due to a successive lung recruitment or surfactant recovery with improvement in compliance, that did not happen in the CMV group. The increase in pH due to the significant reduction in PaCO 2 in combination with improved oxygenation might contribute to the differences in pulmonary arterial pressure between the groups. Most of the clinical studies showing benefit from HFOV have applied a high volume strategy in the HFOV and not in the conventionally ventilated group, which may account for some of the differences seen between the groups. Our results are in line with a recently published clinical study showing a reduction of chronic lung disease in preterm infants ventilated with HFOV (6). However, a mean HFOV treatment period as short as three days combined with a switch to conventional ventilation for weaning did not reduce the risk of chronic lung disease in premature infants compared with a nonstandardized conventional ventilation (9) .
The comprehensive reduction of inflammatory reaction seen with HFOV is most likely caused by a significant reduction of shear stress using a continuous distension pressure. Shear stress due to high tidal volume ventilation and low PEEP initiates lung injury with stress fractures of capillary endothelium, epithelium and basement membrane. Mechanical damage leads to leakage of fluid, protein, and blood into tissue and air spaces or leakage of air into tissue spaces. This process is followed by an inflammatory response (28) . Elevated lung lavage cytokine concentrations were already found after 2 h of traumatic ventilation in an isolated rat lung model (29) . Traumatic effects of shear stress were also proven in cell culture experiments (30 -32) . However, the proportional contribution of different pulmonary cell types to the inflammatory process in vivo has not yet been elucidated in detail. Further insight in the inflammatory mechanisms, especially identification of cell types responsible for the inflammatory reaction might help in targeting cells for additional anti-inflammatory treatment strategies. The anti-inflammatory effect was seen in the HFOV group even though ventilation with low PEEP (and consecutively high shear stress) was avoided in the IMV group. A more lung protective ventilation strategy according to the "open lung concept" might further reduce lung injury seen with IMV (33) . Reduction of pulmonary inflammatory response by HFOV was seen in all proinflammatory cytokines, when normalized to HPRT and in most of them when normalized to ␤-actin. Normalization to two housekeeping genes reduces the risk of artificial bias due to possible minimal regulation even of housekeeping genes in the experimental setting. The proinflammatory cytokines involved and regulated in this model of lung injury consist of adhesion molecules, chemoattractant, proinflammatory and profibrotic cytokines. They represent crucial parts of the complex cytokine facet of inflammation and final fibrosis. Higher mRNA expression of the antiinflammatory IL-10 in the IMV group is not contradictory to the anti-inflammatory effect observed with HFOV, as IL-10 is up-regulated as response to lung injury (34) . Analysis of mixed lung tissue samples for inflammatory reactions bears the risk of masking cell specific differences in gene expression and does not permit cell-type specific evaluation. Remarkable differences between lung homogenate gene expression and a cell type-specific measurement after microdissection have already been demonstrated (35, 36) . In our study, laser-assisted microdissection and subsequent TaqMan real time PCR allowed cell-specific determination of the localization and regulation of IL-8 production. An up to 30 fold difference in mRNA expression could be detected in alveolar macrophages between the two treatment groups. This confirms, that differences in mRNA expression can be detected in cells obtained by microdissection from identical cryosections and additionally underlines the value of representative results obtained by whole tissue mRNA extraction. Alveolar macrophages could be identified as main cellular source and as site of regulation of IL-8 expression. Therefore, future anti-inflammatory strategies focusing on alveolar macrophages might be reasonable. Additionally our data show that IL-8 was not exclusively expressed in alveolar macrophages, but in all other cell types studied. Although not significant due to the small number of samples analyzed, a 10-fold reduction of IL-8 mRNA expression with HFOV could also be seen in bronchiolar epithelial cells and -on a 10-fold lower level -in alveolar septum cells.
CONCLUSION
In summary, treatment of experimental neonatal respiratory distress syndrome with HFOV has not only been shown to improve oxygenation and reduce pulmonary arterial pressure, but also to reduce the early pulmonary inflammatory reaction. This was shown by reduced mRNA expression of IL-1␤, IL-6, IL-8, TGF-␤1, ET-1 and the adhesion molecules E-selectin, P-selectin and ICAM-1 in lung tissue. On cellular level, gene expression of IL-8 was shown to be predominantly regulated in alveolar macrophages.
